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Abstract. Conceptual design and communication of sonic ideas are crit-
ical, and still unresolved aspects of current sound design practices, es-
pecially when teamwork is involved. Design cognition studies in the vi-
sual domain represent a valuable resource to look at, to better com-
prehend the reasoning of designers when they approach a sound-based
project. A design exercise involving a team of professional sound design-
ers is analyzed, and discussed in the framework of the Function-Behavior-
Structure ontology of design. The use of embodied sound representations
of concepts fosters team-building and a more effective communication,
in terms of shared mental models.
Keywords: Sound design · Collaboration · Design cognition.
1 Introduction
We witness an essential process of convergence of inquiries in sound design to-
wards the broader field of design research. From different angles, sound studies,
sonic interaction design (SID), computer science, auditory cognition studies,
and sonification research are challenging the inherent cooperative and collabo-
rative, yet ambiguous nature of listening and hearing, as method and means to
contribute to better everyday environments for the living [2,43]. More recently,
sound design research has been unfolding its interest in the interaction- and
information-centered use of sound in computational artefacts, towards the study
of the process of designing sound. There are a variety of reasons to study sound
designing. Researchers may want to have an understanding of the actual activ-
ities carried out by practitioners and their status [52]. Others may investigate
the design process with the goal of improving the practice [12,16]. Other loci
of interest may inquiry designing sound with the aim of developing appropri-
ate design tools and supporting technologies throughout the various stages of
the process [7,14]. Finally, other research approaches, whether bottom-up (e.g.,
case studies and design explorations [32,44]) or top-down (e.g., reference frame-
works and systems [50,4]), may wish to achieve and provide a more general and
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abstracted explanation of thinking patterns in sound design tasks, the design
process and methods that practitioners may look at.
Indeed, one main problem that sound practitioners strive to deal with is the
communication and evaluation of a design, that is sound, in which the distance
between the intermediary representations and the final product is perceived as
very short. The intrinsic ambiguity of sound and listening do affect both the
collaboration between peers and the contact points with stakeholder in gen-
eral [10, p.35]: Communicating and elaborating concepts through sound can be
hazardous, especially in the early interactions with clients; design solutions on
sound are difficult to argue, especially when designers overindulge in the descrip-
tion of the sound-producing mechanisms rather than accounting for the global
sensory experience; as a consequence, the evaluation of sound design proposals
often takes the prosaic form of the individual preference of the client, whenever
it is not based on psychoacoustic metrics for sound quality assessment [36,40].
In the practice, sound creation and production rather unfold, within the
overall design process, as an individual activity kept separate and asynchronous
from the global product development, the effect of which undermines the partic-
ipation and communication with stakeholders, both horizontally and vertically,
and brings about a tendency to anticipate, early in the process, the creation of
assortments of selected variations of highly refined sounds [46,47].
Since the 2nd International Symposium “Les Journées du Design Sonore”3
in 2004, a growing corpus of additive knowledge on sound design has been pro-
duced (see [24,39,49,18,37,3,43,17], for a comprehensive overview). Such body of
knowledge outlines a landscape of descriptive models of designing sound, whose
central proposal is a closed loop of sound evaluation and design that advances
through rapid prototyping and iterative improvement: Research through design
workshops, design critique and explorations, and controlled experiments with
sonic interactive artifacts and tools are primarily focused on the design activity
in the conceptual and embodiment stages of the design process.
It turns out, however, that little is known about how sound designers think,
generate and develop ideas. Given their multidisciplinary background [38], how
do sound designers approach projects? For example, do they favor a search pro-
cess in the problem space, like industrial designers do, or in the solution space,
like engineers apparently prefer [28]?
Designing (sound) takes place in people’s minds. Despite the market availabil-
ity of countless types of computational tools for sound analysis and production,
the very first creative act happens in the designer’s mind. Understanding sound
design thinking becomes crucial to create the next generation of design tools,
computational or not, to aid the generation and communication of auditory con-
cepts. In this respect, sound design research may look at design cognition studies
in the visual domain, as reference framework of relevant topics, and rigorous and
3 The symposium, organized by Frédérique Guyot (LAPS-design) and Patrick Susini
(Ircam) in collaboration with the French Acoustical Society, took place at Centre
Pompidou, Paris, France, in 2004 (https://www.centrepompidou.fr/cpv/resource/
cazjxnn/rLLRyR).
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formal methods and ontologies to investigate individual and collaborative design
dynamics involving sound [11,25].
In this area of study, protocol analysis is the established, empirical method,
commonly used to inquiry well-defined design phenomena, such as novice-expert
differences in problem structuring and organization of cognitive actions, the ef-
fect of the “structeredness” of ideation methods on cognition, the role of design
representations and sketching, the conditions for design fixation and its effect
on the novelty of ideas, and in general the cognitive processes involved in design
moves [15]. Typically, audiovideo documentations of design sessions are tran-
scribed and parsed in segments, that is the smallest units of analysis that can
be time-based, reflect turn-taking (e.g., in team dynamics) or other rationale
(e.g., decision-making), according the granularity and the objective of the study.
Segments are coded according to meaningful schemes that may well-represent
the particulars of the case in question. Finally, various kinds of qualitative and
quantitative analyses can be carried out in order to derive an understanding of
the design phenomena under scrutiny [23,29].
In this work, we analyze the protocol of a design session involving a team
of professional sound designers engaged in vocal sketching the sound of two car
models (e.g., idle engine, driving, braking), with the aid of a computational tool
for voice-driven sound synthesis [14]. We apply the Function-Behavior-Structure
(FBS) ontology of design [29, chap. 13] as coding scheme, from which we derive
information on the team dynamics and productivity, the role-taking, the design-
ing style and process unfolding. The FBS ontology is a formal coding scheme
which takes in account the cognitive processes emerging as transitions in the
design space, and precisely in terms of transformations between classes of issues
which are intrinsic to any design domain: i) the purpose of the artifact, that is
the Function; its imagined performance, that is the Behavior Expected; iii) its
form and configuration, that is the Structure; iv) the resulting performance, that
is the Behavior derived from the Structure (see further, Section 3).
The paper is organized as follows: the next Section provides an overview
of topics on cognition in conceptual design activity which can be relevant to
investigate in design teamwork involving sound; Section 3 introduces the sound
design session, and the coding procedure using the FBS ontology of design; we
analyze and discuss the session in Section 4.
2 Conceptual design cognition at a glance
It has been argued that the next generation of CAD systems will be defined
by four main characteristics, and namely cognition, collaboration, concepts, and
creativity [20]. The majority of the research in design cognition concerns the
disciplines of architectural design, engineering design, and product design. The
research revolves around the two main paradigms of design as search in the
problem space [21] or design as exploration and co-evolution [22,48], and focuses
on the processes of information gathering and structuring, the role of long-term
memory, schema activation in working memory, semantic processing, mental syn-
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thesis and sketch-based reasoning (see [25,26] for a systematic review of protocol
studies on conceptual design cognition). These processes are essentially inspected
from a visuo-spatial perspective, if one excludes the role of the phonological loop
for verbal design information [42,8].
Such a structured knowledge and methodological approach are still missing
in the realm of aural collaborative creativity and design. Certainly, auditory im-
agery and cognition represent a vast field of research which received an increasing
attention in the past several years. The majority of the studies, originating from
experimental psychology and neuroscience, are aimed at the understanding of
the human abilities to generate and manipulate mental auditory images, where
music and language are the preferred foci of interest: For instance, it has been
shown that auditory images contain both depictive and descriptive components,
that is some relationships of the auditory stimuli are preserved (e.g., pitch and
temporal properties), while others rather “sound like” (e.g., loudness), and that
the reinterpretation (i.e., figure-ground segregation) of a given stream of sounds
is more difficult in auditory imagery than in auditory perception, especially
when subvocalization is blocked [27]. Functional MRI studies showed that con-
ceptual acoustic processing, that is thinking about a sound even when implicitly
presented through visual words, involves a partial reinstatement of the brain
activity during the perceptual experience of the same acoustic features [31].
Empirical frameworks on the role of the active body as inherent mediator be-
tween perception and the cognitive processing of music (and sound) have been
proposed, wherein the sonic experience emerges in interaction, as complex net-
work of intentional states and internal models of observable patterns, that are
acquired through knowledge and skills [35]. Within this framework, recent re-
searches not only showed that vocal imitations of nonverbal sounds encode salient
acoustic features into some other vocal features [33], while gestural metaphors
are exploited to illustrate auditory sensations and causal representations of sonic
concepts [34], but also explored their use as cognitive devices to enable and sup-
port sketch-based reasoning in conceptual sound design [13].
Embodied cognition, concepts, and creativity are at the center of frameworks
for designing the next generation of sonic information and interactions [43,45],
where experimental applications of body-centered auditory display and sonifi-
cation are finding their way in walking interactions in mixed reality, physical
rehabilitation and motor learning, sensory alteration and emotional design [51].
On the other side, process-based studies on sound design are still embryonic [11],
if one excludes the existing literature on creative thinking in music processes:
The ill-defined problem of composing a piece of music is solved through itera-
tive, non-linear stages of insight (i.e., musical inspiration), problem restructur-
ing and proliferation [9]. Cognitive processes in music composition can reflect an
analytic, horizontal approach to the sequential writing of the musical parts, or
develop vertically, that is implying a strong conceptualization phase of the whole
in advance, before the actual production: The “sound designer” style has been
characterized by an in-depth, horizontal exploration and original use of tools,
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where iterations are especially concentrated in the re-execution and revision of
sound segments in the recording phases [1].
Horizontal and vertical compositional strategies strongly resonate with the
dual mechanism model of design problem-solving: Lateral transformations of an
idea are divergent and associative, are facilitated by ill-structured representa-
tions (i.e., conceptual sketches), and widen the problem space, while vertical
transformations are convergent and inferential, are facilitated by well-structured
representations (e.g., prescriptive sketches and blueprints), and deepen the prob-
lem space [21]. It has been shown how sketch-based reasoning facilitates the re-
organization and creation of new knowledge [5]. It can be argued that the main
criticality of sound design is the unbalanced use of well-structured representa-
tions [12], due to the lack of proper tools that afford sketching in the established
workflow, at least in the acceptation widespread in the visual domain [10, p.35].
Cooperation and collaboration in conceptual sound design are not common
practices, where design in a natural setting, e.g. in a design firm, is typically
carried out by teams with multidisciplinary background. The study of design
teams may reveal several insights on design thinking. One main advantage of
examining design teams is that think-aloud protocols are naturally enforced and
concurrent with the execution of the task. It has been shown that early collab-
orations are the most effective and improve consistency in mental models, and
yet that design teamwork do not necessarily brings about a higher productiv-
ity, compared to the individual activity: Apparently, the experienced individual
designer is equipped with all the necessary expertise to act as a unitary sys-
tem (i.e., a team, in which the expertise are allocated by role-taking instead),
whereby the semantic coherence of the team composition affects positively the
quality of the final designs [15].
Design ontologies have been proposed to formalize and analize the design
process. The Function-Behavior-Structure (FBS) coding framework was used to
observe an industry team (a business consultant, three mechanical engineers,
an electronic business consultant, an ergonomicist, and an industrial design stu-
dent), involved in a brainstorming session: The distribution of word count and
turns variation throughout the design episodes provided coarse quantitative ob-
servations on the quality of the team interaction, in terms of producing a shared
mental model, whereby the analysis of transitions between FBS design issues
produced fine-grained representations of the design process at the individual
and team level [30].
The same coding scheme was applied to measure the designing styles of teams
of industrial design students and mechanical engineering design students, that is
observing whether the designers’ focus on the problem space or on the solution
space may be specific to design disciplines, and how it may affect the team build-
ing and composition [28]: The Problem-Solution Index (PSI) was proposed as
ratio measurement, computed over the total occurrences of design issues repre-
senting problem formulations (i.e., the function and the expected behavior) and
design issues representing solutions to the formulated problem (i.e., the struc-
ture, and the behavior derived from the structure). The same measurement was
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Fig. 1: Team composition: project manager (P1), audio engineer (P2), sound
designer (P3).
applied to investigate how the structuredness of concept generation techniques
affects the cognitive focus of teams towards the problem space or the solution
space in the early stage of the design process [19].
Taken together, this concise survey of relevant studies on team design cog-
nition prompts a path of open questions in the domain of aural creativity and
design. While the discipline of sonic interaction design has been proposing and
accumulating a variety of methods, frameworks and techniques [4,18,13,16,6], to
our knowledge no formal and structured inquiries have been carried out yet, in
terms of their impact on sound design cognition. In the next Section we describe
the sound design task, along with a brief, operational discussion of the FBS
ontology, the coding procedure and the conventions.
3 Collaborative sketching with voice-driven sound
synthesis
The vocal sketching exercise took place during a sound design workshop orga-
nized in collaboration with the audio research team of a vehicle manufacturing
company. The team, including two sound designers, two audio engineers, and
one project manager, was split in two groups in order to derive two protocols
that could be analyzed and compared. The fictitious task was to re-design the
EV (i.e., Electric Vehicle) engine sound version of two combustion engine car
models. The assignment was delivered as follows:
Theme - A brand-new voice for an old car: How would the Citröen
21DS Rally and the Peugeot 205 GTI sound today if they were electric?
Objective: Re-think and design their sound according to the current brand
values, optimistic, smart, human.
Time constraints: The design task duration is 90 minutes, split in 2 ses-
sions of 45 minutes per car model.













Fig. 2: The FBS framework. The codes represent the issues. Arcs are labeled
according to the design processes.
The teams were provided with a computational tool for voice-driven sound
synthesis, to support their sketching activity: The tool affords the externaliza-
tion of synthetic sound impressions by means of mixtures of sound models that
can be set, played and shared as instances of vocal utterances. We refer to our
previous work for the in-depth description and evaluation of the tool4 [14]. The
groups were also provided with silenced videos of the two car models, in order
to video-prototype their design. The teams tackled the Citröen sound first, and
the Peugeot sound design later. All the design tasks were video-recorded. In
this paper, we report the protocol analysis of one team composed by one sound
designer, one audio engineer and the project manager, shown in Figure 1.
3.1 The Function-Behavior-Structure coding procedure
According to the FBS framework, any design artifact can be described and mod-
eled as a set of semantic transitions, that is cognitive processes, between three
classes of ontological variables, and namely the purpose of the artifact, its imag-
ined and emerging performances, the components of the artifact and their com-
positional relationships. As shown in Figure 2, the FBS coding scheme maps
these three classes on six design issues, which are represented as codes: The fi-
nal goal of any designing activity is to transform a set of requirements (R) and
functions (F) into a set of design descriptions of the artifact at hand (D).
In the practice, the transcript of the design session is parsed in design moves,
that is segments of utterances, gestures, and any other kinds of representation,
which are labeled according to the design issues. Design moves-issues are linked
according to causal transformations. Typically, the designer formulates the func-
tion (F), based on the requirements (R→F), which are usually derived from the
brief. The expected behavior (Be) reflects the performance imagined to fulfill the
function (F→Be). Hence, the designer synthesizes the imagined performance in
4 The tool in action: https://vimeo.com/271826511.












Fig. 3: Linkograph of an excerpt of 12 FBS-coded moves, extracted from the
Citröen protocol in Figure 4a. Links and nodes are visible, and examples of
transitions between issues are highlighted: synthesis (e.g., 336→337), reformu-
lation of the structure (e.g., 340→344), analysis (e.g, 337→338) and evaluation
(e.g, 338→339).
externalized representations, that is structural configurations of elements and
formal relationships (Be→S). The inspection of the structure can lead to three
types of reformulations: the revision of the structure itself (Reformulation I,
S→Bs); the different articulation of the expected performance (Reformulation
II, S→Be); the proper reformulation of the function by lateral thinking the ac-
tual sketch or prototype (Reformulation III, S→F). The analysis transition oc-
curs once the structure is produced (S→Bs), and the actual performance based
on the structure is assessed with respect to the performance expected (evalua-
tion, Be↔Bs). Eventually, this finite-state loop of design processes among design
issues leads to the documentation of external design descriptions (S→D).
In coding the transcript of the two design sessions (i.e., the Citröen 21DS rally
and the Peugeot 205 GTI), we followed a set of conventions, extensively reported
in [11], that we introduced to fully capture the sound designers’ intentions, as
they find themselves involved in discussing by means of verbalizations, vocal-
izations, iconic gestures accompanying the utterances, and synthesized sounds
driven by both the vocal control and the mouse interaction on the graphic user
interface of the sketching tool.
Once the coding procedure is completed, the emerging network of design
moves can be organized and represented as a linkograph, where the relations
among nodes, such as the density, the distance between links, the amount of links,
their direction, distribution and patterns, are used to inspect the productivity
and the behavior of the designer(s) involved in the actual process [23]. Figure 3
shows the linkographic representation of 12 moves extracted from the protocol
of the Citröen sound design session. The linkograph is generated by feeding the
software LiNKODER5 with the FBS-coded protocol [41]. In the next Section,
we analyze and compare the two episodes, in order to derive a global picture of
the team cooperation and dynamics.
5 LiNKODER, a design protocol analysis tool: https://sites.google.com/a/linkoder.
com/linkoder/home.
Exploring design cognition in voice-driven sound sketching and synthesis 9
0 444
figure 4.1




(b) Linkograph of the Peugeot sound design session, computed over 268 segments,
FBS-coded protocol.
Fig. 4: Linkographic representations of the two sound design episodes, as gener-
ated by the software LiNKODER [41].
4 Analysis and discussion
The Citröen sound session (E1) resulted in a protocol of 444 moves, whereas
268 segments were retained for coding the Peugeot sound session (E2). From
the visual inspection of their linkographic representations, shown respectively
in Figures 4a and 4b, we can notice that E1 is characterized by a longer link
span (mean 10.5, STD 45.5), which denotes either a longer incubation of ideas,
where sketching serves as external memory function, or a typical team behavior
where members may relate to their previous moves, regardless of the other moves
intervened in the meanwhile. E2 linkograph is much more cohesive, with a shorter
link span (mean = 5.3, STD = 10.3), which suggests a rather unitary behavior
of team. The two different team behaviors, that is the approach to the design
task, do not necessarily imply a higher or lower productivity. The link index is
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(a) Distribution of issues. The structural issues (S, Bs) represent more than the 60%





























(b) Distribution of the processes. The team efforts are especially focused on producing
and evaluating the sound (S→S; Be↔Bs).
Fig. 5: Distribution of issues and processes in the two design sessions (Citröen
on the left, Peugeot on the right).
a coarse indicator of the productivity, based on the ratio between the number of
links and the number of moves, and represents the amount of linking activity in
terms of effort to achieve a synthesis. In the case of E1 and E2 the link indexes
are essentially comparable (E1, L.I. = 2.04; E2, L.I. = 1.97). The different shapes
of the linkographs rather suggest a different organization of the teamwork.
The distribution of issues and processes in E1 and E2, shown in Figure 5a
and 5b, allows a closer inspection of the team behavior. The Mann-Whitney
non-parametric test of both distributions does not show a statistical significance
(issues, Mann-Whitney, U = 12, P > .05; processes, Mann-Whitney, U = 17,
P > .05), hence hinting at a similar approach of the team towards the task
solution, in the two sessions. Indeed, the percentage of D issues is identical and
yet the low percentage can be mainly attributed to the fact that only shared and




Table 1: The designing approach of the team was rather focused on the solution
space (PSI < 1.). The PSI is the ratio between the design issues representing the
problem formulation (F, Be) and the design issues concerned with the problem
solution (S, Bs).
Verbalizations Vocalizations Gestures Synth Snd
E1 E2 E1 E2 E1 E2 E1 E2
P1 67 58 0 0 0 0 0 0
P2 77 54 19 1 28 4 32 2



















Table 2: Team activity: Occurrence of types of expressions in the two design
sessions E1 and E2 (P1 = manager; P2 = engineer; P3 = designer).
- P1 - - P2 - - P3 - Team
Manager Engineer Designer (Tot)
E1 E2 E1 E2 E1 E2 E1 E2
<CM4 1 3 8 7 18 14 27 24
CM4> 3 8 29 8 26 15 58 31
<CM4> 1 1 5 2 3 8 9 11
Table 3: Backward, forward and bidirectional critical moves in the two design
sessions E1 and E2. The superscript indicates the criticality threshold.
agreed-upon documentations were coded. Taken together, the two episodes reveal
a design activity especially centered on structural issues (S, Bs, > 60%), where
the cognitive efforts are mainly allocated to the reformulation of the structure
and the evaluation of the resulting sound design.
In the practice, the two linkographic representations depict a shift in the
effectiveness of the team’s communication and collaboration. In E1, the team
members rather cooperate, take their roles, explore and understand the vocal
sketching tool. The intense work on the structural issues can be ascribed to the
novelty of using the vocalizations as sketching means, and to the difficulty to
obtain from the tool synthetic representations coherent with their intentions.
This led the team to reconsider often the expected performance, that is the
imagined sound (S→Be, Reformulation II). In E2, the slightly lower percentage
of structural issues and reformulations suggests that the team made sense of
their collaboration through the sketching tool, and achieved the same results
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Verbalizations Vocalizations Synth snd
figure 5c
Fig. 6: Verbal and nonverbal expressions in the two design sessions.
(i.e., D issues) in little more than half the moves of E1, though in the same
amount of time (i.e., 45 minutes).
The team mindset is mainly addressed to the actual sound production, rather
than its conceptualization (i.e., F→Be, Be→S). More in detail, table 1 reports
the problem-solution index value for E1 and E2, which reflects the attitude of
the team towards the design process, whether focused on the conceptualization
of the design problem (P-S I. > 1.) or of the design solution (P-S I. < 1.). The
shift to the diverse approaches may depend not only on the background, but
also on the specific design task [28].
Table 2 reports the group activity in terms of use of verbalization, vocaliza-
tions and gestures, and externalized synthesized sounds. As expected, verbal-
thinking is the main channel of communication. The different amount of use of
other forms of communication by the team reflects the role and background of
the members. The sound designer (P3) was apparently the most active in both
episodes, where the audio engineer (P2) became less engaged in using vocaliza-
tions and gestures in E2. The project manager (P1) only interacted by talking.
However, the quality of the individual contribution in the two episodes is
reported in table 3: The critical moves (CMs) are moves with a high number
of links, based on a significant threshold typically set in order to obtain around
10 − 12% CMs from the total number of moves [23, p.73]. The links between
the critical moves are arranged in nodes of reasoning which may lead forward,
thus denoting acts of synthesis (CM>), or backward, thus representing acts of
evaluation (<CM). Bidirectional moves (<CM>) are associated to rapid shift
of divergent and convergent thinking. Critical moves represent turning points in
the unfolding of the design process. Whereas P2 and P3 were the main drivers
of the process in E1, the team found a stronger integration and produced a more
balanced process in E2.
In this respect, the count of the types of expressions in the two halves of
the protocols of the two sessions is shown in Figure 6: Although the total per-
centage of verbalizations is even increasing in E2 (see Table 2, last row, second
column), the two halves in E2 are very different in nature, whereby the drop
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of verbalizations and increase of nonverbal representations in the second half
stresses the achievement of shared mental models, as a consequence of a better
integrated conceptualization phase in the first half of the session (see also the
peculiar shape of the corresponding linkograph in Figure 4b). To conclude, the
design exercise acted throughout the two design sessions as an effective team-
building tool, fostering more effective communication and collaboration between
members with multidisciplinary background.
5 Conclusions
Designing is a process of construction of representations, from early, unstruc-
tured ideas of products, systems, services, etc. held in the mind towards the
final artefacts. We showed how a cognition-based inquiry of sound design can
reveal several aspects of team dynamics in conceptual design activities, which
are considered critical and still unresolved in the current practices.
In the post-workshop comments, the participants reported a major frustra-
tion caused by several limitations of the computational sketching tool, that is
first and foremost a lack of immediacy of use of the user interface and of technical
integration in their established workflow (i.e., DAWs), whereby the voice-driven
sound synthesis approach prompted clear expectations on the creation and shap-
ing of the sound sketches. Nonetheless, the participants remarked the high value
of collaboration experienced, by sketching through voice-based representations.
They reported that for the first time, at least in their everyday workflow, they
experienced to work collaboratively around a project. They especially remarked
how through collaboration diverse approaches and ideas emerged. They found
the overall workshop useful for team-building and reflecting on the role of cre-
ativity in their everyday sound design practice.
Protocol studies and ontologies of design, such as the FBS framework, repre-
sent valuable resources to investigate the process of sound design. In this respect,
the establishment of design cognition studies in the sound design domain pro-
vides a novel, yet complementary perspective on the study of embodied sound
cognition.
Understanding how representations of sound designs are externalized for
communication and collective transformation purposes becomes crucial to open
sound design practices to truly participatory approaches, when users and stake-
holders are involved not only as subjects, but especially as partners.
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